Cardiac left ventricular outflow tract (LVOT) defects represent a common but heterogeneous subset of congenital heart disease for which gene identification has been difficult. We describe a 46,XY,t(1;5)(p36.11;q31.2)dn translocation carrier with pervasive † F.Q.-R. and Q.J.X. contributed equally to this work.
developmental delay who also exhibited LVOT defects, including bicuspid aortic valve (BAV), coarctation of the aorta (CoA) and patent ductus arteriosus (PDA). The 1p breakpoint disrupts the 5 0 UTR of AHDC1, which encodes AT-hook DNA-binding motif containing-1 protein, and AHDC1-truncating mutations have recently been described in a syndrome that includes developmental delay, but not congenital heart disease [Xia, On the other hand, the 5q translocation breakpoint disrupts the 3 0 UTR of MATR3, which encodes the nuclear matrix protein Matrin 3, and mouse Matr3 is strongly expressed in neural crest, developing heart and great vessels, whereas Ahdc1 is not. To further establish MATR3 3 0 UTR disruption as the cause of the proband's LVOT defects, we prepared a mouse Matr3 Gt-ex13 gene trap allele that disrupted the 3 0 portion of the gene. Matr3
Introduction
Congenital heart defects (CHDs) are the most common human birth defects, affecting nearly 1 per 100 liveborn infants, and a leading cause of infant mortality [reviewed in (1, 2) ]. The etiology for most of these defects is unknown, but both environmental and genetic factors are likely to be contributory (3, 4) . Complex genetics, combined with the traditional classification of cardiac malformations by physiology and anatomy, have made investigation of the genetic component of CHD challenging. Left ventricular outflow tract obstruction (LVOTO) malformations comprise ∼14% of CHD and consist of anatomically varied defects with a wide spectrum of clinical severity, including bicuspid aortic valve (BAV), coarctation of the aorta (CoA), hypoplastic left heart (HLH) and interrupted aortic arch (IAA) type A. BAV is the most common form of LVOTO and of CHD (5) . Although generally asymptomatic, BAV constitutes an important risk factor for subacute bacterial endocarditis and, at high frequency in adults, for late onset aortic valve calcification, aortic stenosis and aortic dilatation, which frequently require valve replacement (6, 7) . CoA is also a common LVOTO defect, accounting for 6-8% of all CHD live births; left untreated, it frequently culminates in serious hypertension (8) .
Evidence supports a strong genetic involvement in the causation of LVOTO defects, and both copy number variants and mutations in histone modifying genes have been implicated (9, 10) , as well as mutations in other genes. One gene implicated in human LVOTO defects is NOTCH1 (11) (12) (13) (14) . A subset of NOTCH1 mutations reduce Jagged-induced Notch-dependent signal transduction and lead to defective epithelial-mesenchymal transition in endothelial cells (12, 13) . In addition, targeted loss-offunction in mouse Nos3, that encodes endocardial nitric oxide synthase type 3, and in mouse and human GATA5, which encode a Zn-finger transcription factor, produce BAV phenotypes (15) (16) (17) (18) . Both Nos3 and Gata5 act in the valvular endothelium where Gata5 appears to affect differentiation and to act upstream of Jag1 and Tbx20 (16) . Gata5 also trans-activates the Nos3 promoter in vitro, and Gata5 interacts genetically with Gata4 and Gata6 in vivo (16, 19) . Moreover, deficiency for the Gata co-factor Fog1 results in double-outlet right ventricle (DORV), whereas Fog2 deficiency results in overriding aorta, subpulmonic stenosis and subaortic ventricular septal defect (VSD) (20) . Interestingly, Nos3, Gata4 and Tbx20 are part of an endocardial pathway required for atrial septum formation (21) . Another gene, ERRB4, which encodes a receptor tyrosine kinase for EGF ligands, is also associated with LVOTO defects and may function within this pathway (22) .
Endothelial defects are especially well exemplified by loss-offunction for Plexin D1, which also results in LVOTO (23) . Lastly, mesenchymal defects can also contribute to LVOTO, as deficiency of the Activin type I receptor Alk2 in cushion mesenchyme results in a high incidence of BAV (24, 25) .
A key role for neural crest involvement is suggested by DiGeorge syndrome, which involves outflow tract and aortic arch defects and most often results from deletions of 22q11 and haploinsufficiency for TBX1. Recent studies have identified a number of Tbx1 co-regulatory pathways including, among others, Six1/ Eya1 and p53 (26, 27) . BAV and CoA may be developmentally and genetically related, as both phenotypes often co-occur and may result from a common mechanism involving neural crest perturbation (28) . Besides the genes mentioned earlier, Hey2 (29), TBL1Y (30) and MCTP2 (31) have been associated with a predominant CoA phenotype. Patent ductus arteriosus (PDA) is frequently associated with other cardiac anomalies [reviewed in (32) ], but in mouse and human, only TFAP2B mutations are associated with PDA as the predominant cardiac phenotype (33) (34) (35) .
To identify additional genes responsible for LVOTO defects, we utilized the Developmental Genome Anatomy Project (DGAP), which uses balanced chromosomal rearrangement breakpoints to identify potential candidate genes (36) . We identified and analyzed a subject, designated DGAP105, with a balanced translocation 46,XY,t(1;5)( p36.11;q31.2)dn. This proband exhibited a global delay in development with a marked delay in speech and was also given a clinical diagnosis of Noonan-like syndrome with BAV, CoA and PDA; these and other cardiac defects are present in ∼50% of Noonan syndrome (NS) cases (37) . However, we were unable to identify mutations in PTPN11, KRAS and SOS1 that, collectively, account for the majority of NS (37) . Therefore, we used the DGAP105 translocation breakpoints to gain insight into the proband's phenotype and identified disruptions in two genes, MATR3 and AHDC1, which together account for many features of the proband's phenotype. Recent work (38) indicates that AHDC1 loss-of-function is sufficient to account for the impaired cognitive development and pervasive development disorder of the DGAP105 proband. Furthermore, we find that MATR3 transcripts are disturbed and that Matrin 3 protein expression is affected in DGAP105 cells and in affected heterozygous Matr3
GT-ex13 -mutant mice. In addition, both human and mouse MATR3 mutants exhibit similar BAV, CoA and PDA phenotypes. Collectively, these results support a role for Matrin 3 in the formation of the cardiac outflow valves and great vessels and indicate that subtle alterations in human MATR3 can cause medically important cardiac LVOT phenotypes.
Results

DGAP105 cardiac phenotype
At birth, the proband exhibited BAV, CoA and PDA ( Figure 1A-D ). An echocardiogram at 2 days of age showed CoA with a posterior shelf just distal to the left subclavian artery (Fig. 1C) , with turbulent flow in the descending aorta. Doppler measurements revealed a 30 mmHg peak gradient across the CoA. The transverse aortic arch between the carotid and left subclavian arteries also appeared hypoplastic and narrow with a 4.4-mm diameter for the transverse aorta compared with 5.7 mm for the ascending aorta (Fig. 1D) . A BAV was present, with normal flow velocity across it. The intercoronary commissure was fused between right and left (R-L) coronary cusps, with non-fused commissures between right and non-coronary (R-N) and between left and non-coronary (L-N) cusps. Mild-to-moderate tricuspid insufficiency was also noted. The mitral valve orifice appeared small in the short axis view, but mitral inflow velocity (98 cm/s) and pressure halftime (61 ms) were normal, and the papillary muscles intact. The right ventricle and pulmonary artery appeared dilated, but a normal flow velocity was measured in the pulmonary artery. Left ventricular function and pulmonary vein drainage into the left atrium were normal. A PDA (Fig. 1C) with predominant left-to-right shunting and a small left-to-right shunt across a patent foramen ovale were present. An ECG revealed sinus rhythm with left axis deviation. The CoA was corrected surgically via end-to-end anastomosis at 3 weeks of age, and subsequent echocardiograms to 17 years of age show no evidence of aortic re-narrowing or of regurgitant flow across the BAV. Other clinical findings, including impaired development of intellectual, speech (Fig. 2B ). However, in human fetal heart, the predominant transcripts employ a proximal AAUAAA, located 362 bp downstream of the stop codon (Fig. 2B ). This pattern of differential polyadenylation was supported by northern blot analysis of adult human tissues (Fig. 2C ), which detected a 3.5-kb transcript, consistent with use of the distal polyadenylation signal in all tissues examined except for heart and skeletal muscle. In these two tissues, a shorter 2.9-kb transcript predominates, consistent with the use of the proximal polyadenylation signal (Fig. 2C ). Based on these results, the translocation breakpoint should disrupt the longer MATR3 transcripts that employ the distal polyadenylation signal, but not the shorter transcripts that use the proximal polyadenylation signal. To test this hypothesis, we performed 3 0 RACE on RNA from DGAP105 and control lymphoblasts (Fig. 2B ). As expected, we observed a reduction in the levels of the longer 1589-bp product in DGAP105 lymphoblasts. Notably, however, we also observed up-regulated expression in DGAP105 lymphoblasts of the shorter 963-bp product that is normally present in fetal heart, but only at very low levels in control lymphoblasts (Fig. 2B) . Thus, DGAP105 lymphoblasts exhibit reduced expression of distal polyadenylated MATR3 transcripts but increased expression of proximal polyadenylated MATR3 transcripts that normally predominate in human fetal heart. These results suggest that alterations in the levels of the two MATR3 transcript classes may be causally linked to the LVOT defects observed in the DGAP105 proband. To assess the potential impact on Matrin 3 protein levels, we performed western blot analyses on control and DGAP105 lymphoblasts ( Fig. 2D and E) . Using a Matrin 3-specific antibody, we detected a statistically lymphoblasts (Lane 2) and in control human fetal heart (Lane 4) and represents MATR3 transcripts that use the proximal polyadenylation signal. (C) Northern blot analysis of adult human tissues shows MATR3 transcripts of ∼3.5 and ∼2.9 kb. In heart and skeletal muscle, the 2.9-kb transcript predominates and likely corresponds to the 3 0 RACE product using the proximal polyadenylation signal. In brain and other tissues, the 3.5-kb transcript predominates and corresponds to the 3 0 RACE product using the distal polyadenylation signal. 
Developmental expression of mouse MATR3 and AHDC1 homologs
To further assess the roles of MATR3 and AHDC1 in the DGAP105 heart phenotype, we analyzed the spatial and temporal expression of their mouse homologs in heart, limb and brain at E11.5, E16.5 and newborn stages by semi-quantitative RT-PCR (Fig. 3A) . Mouse Matr3 was strongly expressed in embryonic heart, limb and brain at E11.5 and E16.5 but down-regulated in newborn heart and limb. In contrast, Ahdc1 expression was present only weakly in E11.5 and E16.5 limb and brain, and either undetectable or expressed at very low levels in developing heart at all stages examined (Fig. 3A) . Ahdc1 expression was readily detected in adult non-cardiac tissues, excluding concerns about detection (data not shown).
To localize Matr3 expression in the developing heart and to exclude further significant Ahdc1 expression, we performed section in situ hybridization for Matr3 and Ahdc1 in mouse embryos at E11.5 ( Fig. 3B ). These experiments revealed Matr3 expression in the heart, the CNS, pharyngeal arch mesenchyme and limb bud. In contrast, Ahdc1 expression was detected only weakly in the embryo and not in the heart. Thus, in contrast to Ahdc1, Matr3 is strongly expressed in the developing mouse heart at developmental times that correlate with genesis of the cardiac abnormalities in DGAP105.
Matrin 3
Gt-ex13 homozygotes are early embryonic lethal
We next prepared Matr3 Gt-ex13 -mutant mice (see Materials and
Methods, and Fig. 4A ) to assess whether the MATR3 disruption could be causal for the DGAP105 BAV, CoA and PDA phenotypes. Genotype analysis of 14 litters of newborn mice (n = 121) and 12 litters of E8.5-18.5 embryos (n = 92) from Matr3 Gt-ex13 heterozygous crosses revealed no homozygotes, indicating a prenatal homozygous lethal phenotype (Table 1) . To determine whether Matr3 Gt-ex13 homozygotes die before implantation, we collected five litters of E1.5-3.5 embryos (n = 55 total) from heterozygous crosses; homozygous genotypes were detected in only 6 of the 55 embryos (cf. ∼14 expected; P < 0.05, chi-square test) (Table 1) . Thus, Matr3 plays an essential role in early mouse embryonic survival, with significant demise in Matr3 Gt-ex13 homozygous embryos occurring before E4.5 and the demise of all remaining embryos occurring between the E4.5 implantation and E8.5 neural fold stages. Proper levels of Matr3 function are therefore required for embryonic viability both prior to the blastocyst stage and between that time and the neural fold stage.
Functional properties of the Matr3
Gt-ex13 allele
Because early embryonic lethality precluded a cardiac-specific analysis of Matr3 Gt-ex13 homozygotes, we turned to Matr3
Gt-ex13
heterozygotes. We first sought to determine the mechanism of the Matr3 Gt-ex13 mutation ( Fig. 4A and B). To do so, we analyzed brain RNA, and in both long and short Matr3 transcripts in Matr3 Gt-ex13 heterozygous heart RNA ( Fig. 4C ). However, these analyses also revealed abundant expression of a Matr3 Gt-ex-13/+ -specific ∼4-kb 3 0 RACE product corresponding to a β-Geo fusion transcript derived from the gene trap insertion (Fig. 4C) . Thus, while interruption of the 3 0 end of Matr3 by the gene trap insertion reduces wild-type transcripts in Matr3 GT-ex13 heterozygotes, this is accompanied by the expression of a fusion transcript that may encode a functional or partly functional Matrin 3-β-Geo fusion protein. Western blot analyses of newborn Matr3 Gt-ex13 heterozygous heart and brain using a Matrin 3-specific antibody failed to detect a statistically significant alteration in Matrin 3 protein levels.
However, western blot analysis did reveal the expression of a
Matr3
Gt-ex13 -specific ∼270-kDa doublet, consistent with the expected Matrin 3-β-Geo fusion protein ( Fig. 4D and E).
Cardiac expression of Matrin 3
As 3 0 RACE and western blot experiments established that Matrin 3-β-Geo fusion transcripts and protein are expressed from the Matr3 GT-ex13 gene trap allele, we sought to use the β-gal reporter feature of the β-geo gene trap in Matr3 GT-ex13 heterozygotes to more precisely assay endogenous Matr3 expression. We therefore wished to establish the fidelity of β-gal reporter for Matrin 3 at the cellular and subcellular levels. Double-label immunofluorescence for Matrin 3 and β-galactosidase confirmed a high degree of co-localization within E13.5 and E15.5 cardiomyocyte nuclei (Supplementary Material, Fig. S4 ) and in embryonic kidney and brain (not shown).
We next used X-Gal staining to examine the cardiac expression of the Matrin 3-β-Geo fusion protein in detail. Prominent X-Gal staining was present from E8.5 to term in the developing heart (Fig. 5) . Expression starts as early as E8.5 with expression in the right and left ventricular precursors, the bulbus cordis and the common ventricular chamber (Fig. 5B and C) . At E11.5, X-Gal staining was present throughout the endocardium and the myocardium (Fig. 5D and E) . In newborn mice, X-Gal staining extends throughout all cardiomyocytes in the ventricular, atrial and septal regions (Fig. 5F , and data not shown). We also used Matrin 3 immunochemistry to confirm that Matrin 3 protein is concordantly expressed in the newborn mouse heart (Fig. 6A-C) . Immunofluorescent detection showed strong Matrin 3 protein expression in the nuclei of newborn mouse Gt-ex13/+ heart is not statistically significant. ventricular and interventricular septal cardiomyocytes and in the nuclei of cardiac valve interstitial cells and endocardial cells (Fig. 6C) . Matrin 3 is also present in large arterial and venous vascular endothelial cells and in arterial smooth muscle cells as revealed by Matrin 3 and PECAM-1 ( platelet-endothelial cell adhesion molecule) double immunostaining (Fig. 6D-I) . In large arteries, Matrin 3 is expressed in smooth muscle cell nuclei, external to the expression domain of the endothelial marker PECAM-1 (39); Matrin 3 is also expressed in vascular endothelial cell nuclei, internal to the PECAM-1 expression domain. Endothelial Matrin 3 expression is prominent in large veins, which lack significant smooth muscle (Fig. 6G-I) . Thus, in addition to the expression in non-cardiac tissues (Supplementary Material, Fig. S5 ), Matrin 3 is expressed in developing murine cardiac tissues, including endocardium, endocardial cushions, outflow valves and vascular endothelium that correspond to the cardiac tissues affected in DGAP105.
Matr3
Gt-ex13 heterozygotes exhibit subaortic VSD and DORV
Newborn Matr3
GT-ex13 heterozygotes frequently exhibited abnormal shape and position of the cardiac apex with a characteristic 'boot shape' (Fig. 7A and C, insets) . Subsequently, 17 wild-type and 36 heterozygous specimens in 2 different mixed genetic backgrounds (C57BL × 129 and C57BL × FVB) at E16.5, E18.5 and newborn stages were collected and analyzed by histology (Fig. 7, Table 2 ). No cardiac defects were noted in the wild-type littermates. Of the 36 Matr3 Gt-ex13 heterozygotes, 11 (30%) exhibited
VSDs that were typically subaortic in location (Fig. 7C-F , Table 2 ). Specifically, in most cases, the aortic valve overrode the right ventricle with 50% or greater overlap and the VSD was closely aligned with the aortic valve, thereby satisfying the definition of DORV with subaortic VSD. In addition, muscular and subpulmonic VSD phenotypes were also observed ( 
Aortic and outflow valve abnormalities in Matr3
Gt-ex13 heterozygotes
In addition to VSD, aortic and pulmonary valve defects were also present. BAV was noted in 3 of 26 Matr3 GT-ex13 heterozygotes (15%), and in 1 case bicuspid pulmonic valve was observed (Fig. 8, Table 2 ). Although this incidence is not statistically significant, incompletely penetrant BAV phenotypes are also observed in Gata5 −/− , eNos −/− and Nkx2-5 HDneo/+ mouse models, and BAV occurs only rarely in wild-type mice (15, 16, 40) . Particularly striking abnormalities were present in the aortic arch and descending aorta, with severe CoA and PDA phenotypes (Fig. 9 , Table 2 ). A total of 43 Matr3 GT-ex13 newborn heterozygotes were analyzed by corrosion cast analysis after injection of red polymer into the left ventricle, and in some cases, of blue polymer into the 
VSD phenotype in Matr3
Gt-ex13 heterozygotes (see Table 2 
Discussion
AHDC1 haploinsufficiency accounts for impaired cognitive and speech development
The DGAP105 translocation disrupts MATR3 and AHDC1 at 5q and 1p breakpoints, respectively. To assign causality for individual components of the proband's phenotype to either or both of these genes, we pursued two approaches: (1) identification of intragenic mutations in independent but phenotypically similar cases and (2) recapitulation of a homologous phenotype by targeted knockout in mouse. For AHDC1, a recent report describes de novo truncating mutations in four independent subjects with a syndrome defined by intellectual disability, global developmental delay (especially of speech and motor milestones), hypotonia, obstructive sleep apnea, mild facial dysmorphism and mild brain abnormalities by MRI (38) . The co-occurrence of de novo truncating mutations in AHDC1 in four independent cases with concordant phenotypes is prima facie evidence for causation of this syndrome by AHDC1 loss-of-function, with dominant-negative and haploinsufficiency mechanisms suggested as potential explanations for this disorder (38) . DGAP105 shares a high degree of phenotypic and molecular similarity with the four AHDC1 truncation index cases. Phenotypes shared in common include impaired intellectual, speech and motor development, facial dysmorphism and respiratory and sleep disturbances. Moreover, cardiac defects were not reported in the four index cases, two of who had normal echocardiograms. In DGAP105, the 1p breakpoint occurs in AHDC1 intron 1 and would disrupt the 5 0 UTR. Furthermore, AHDC1 expression is reduced to ∼50% of wild type in DGAP105 lymphoblastoid cells (Supplementary Material, Fig. S6 ). Therefore, AHDC1 haploinsufficiency is the most likely cause of the developmental delay and Although PDAs occurred in mice with IAA (and VSD), the total number of aortic arch defects in heterozygotes is statistically significant (P < 0.05; Fisher exact test). intellectual disability phenotypes in DGAP105 and is unlikely to cause the LVOT defects.
Assignment of human cardiac outflow tract phenotypes to MATR3 disruption
To confirm our impression that the disruption of AHDC1 was an unlikely cause of the congenital cardiac disease in DGAP105, we turned to the mouse and assessed expression of Ahdc1 and Matr3 during stages of mouse embryonic development that correspond to times at which the relevant developmental timing and tissue interactions for LVOT development occur. Ahdc1 expression was low or undetectable by RT-PCR and whole-mount in situ hybridization in the developing heart and cardiac outflow vessels. In contrast, Matr3 RNA and protein were both strongly expressed in the developing heart, cardiac outflow tract valves and aorta. Taken with the absence of cardiac phenotypes associated with the previously described AHDC1 truncation mutations, these results make a major role for AHDC1 in human or mouse cardiac development unlikely and allowed us to prioritize Matr3 for gene targeting in mouse.
The presence of distinct embryonic lethal phenotypes in homozygous and LVOT phenotypes in heterozygous Matr3
Gtex13 mice indicates a sensitive dependence on Matr3 gene dosage for different developmental processes. Significantly, Matr3
Gt-ex13 heterozygotes exhibited incompletely penetrant BAV, CoA and PDA phenotypes that closely resemble those in DGAP105. We conclude that the cardiac anomalies in Matr3
Gt-ex13 heterozygotes result from subtle perturbation in the level or function of Matr3 transcripts and proteins. In potentially analogous fashion, disruption of the MATR3 3 0 UTR and slight alterations in Matrin 3 protein levels appear to account for the cardiac findings in DGAP105.
Potential mutational mechanisms involving MATR3
In contrast to the AHDC1 haploinsufficiency observed in DGAP105, a different mutational mechanism for MATR3 seems to apply that involves subtle alterations in the MATR3 transcripts and protein levels. We initially anticipated that the disruption of distal polyadenylated transcripts, consistent with residual expression from the wild-type allele. Interestingly, however, this reduction in longer, distal polyadenylated MATR3 transcripts is accompanied by up-regulation of shorter proximal polyadenylated transcripts, the form that predominates in fetal heart. As both the longer and shorter transcripts appear to encode the same Matrin 3 protein, and the relative stabilities and translation efficiencies of both transcripts in the developing heart are unknown, the 3 0 disruption of MATR3 could theoretically produce either an up-regulation or a downregulation of Matrin 3 protein levels. Consistent with the former possibility, western blot analyses revealed a modest but statistically significant up-regulation of Matrin 3 protein of DGAP105 lymphoblasts.
To further clarify the mutational mechanism involved in the MATR3 disruption in DGAP105, we generated and investigated a mouse Matr3 gene trap model in which the gene trap insertion in exon 13 toward the 3 0 end of mouse Matr3 approximates the human MATR3 translocation disruption in exon 15. In this case, owing to its more 5 0 location in exon 13, the gene trap insertion results in a reduction in both proximal and distal polyadenylated Matr3 transcripts. However, in this case, these reductions are accompanied by significant expression of Matrin 3-β-Geo fusion transcript and protein, and the latter largely co-localizes to the same subnuclear domains as endogenous Matrin 3. Although the functional activity of Matrin 3-β-Geo fusion protein relative to wild-type Matrin 3 is unknown, the mouse Matr3 GT-ex-13 allele may act similarly to DGAP105 in producing a net up-regulation of Matrin 3 levels or activity and therefore constitute a gainof-function state. Because we cannot know Matrin 3 levels or activity in the developing DGAP105 heart, or the activity of the Matrin 3-β-Geo fusion protein in the mouse, we cannot categorically distinguish between gain-and a loss-of-function models for the mouse or human MATR3 mutations. However, both mutants share disruptions of the 3 0 end of MATR3 that very likely produce subtle alterations in the level of Matrin 3 activityquantitatively in the case of human MATR3 as reflected by increased protein levels, or qualitatively in the case of mouse Matr3, as reflected by the presence of the Matrin 3-β-Geo fusion protein in embryonic heart. Interestingly, in a MATR3 sequence analysis of 48 patients with BAV and CoA and in some cases VSD, although no overtly pathogenic coding region mutations (e.g. frameshift or nonsense variants) were observed, we did identify two unique non-coding deletion variants (c.2235-15_16delGT and c.3086_3089delTTAG; NCBI RefSeq: NM_001194955.1). The first variant represents a 2-bp deletion at the −15 and −16 positions in the exon 12 splice acceptor, whereas the second represents a 4-bp deletion in the MATR3 3 0 UTR. Further experiments are underway to determine whether these variants influence Matrin 3 expression levels. We attribute the difference in mutational mechanisms for AHDC1 and MATR3 to the fact that the DGAP105 translocation breakpoint disrupts the 5 0 end of AHDC1, in intron 1, but the 3 0 end of MATR3, in exon 15. It is therefore perhaps not surprising that the DGAP105 translocation breakpoint in AHDC1 produces a loss-of-function allele, whereas the situation for MATR3 is significantly more complex, involving subtle alterations in gene and protein expression levels. An attractive molecular model for the latter could involve the loss of distal MATR3 3 0 UTR microRNA (miR) binding sites. Owing to the absence of miR binding sites that may negatively regulate the translation of distal polyadenylated transcripts, the proximal polyadenylated MATR3 transcripts might be more efficient in supporting the translation of Matrin 3.
Relation to Matrin 3 S85C mutation
Recently, an autosomal dominant neurological disorder, originally described as 'vocal cord and pharyngeal weakness with distal myopathy', or VCPDM (OMIM #606070), was reclassified as a slowly progressive form of amyotrophic lateral sclerosis, or ALS21 (41) (42) (43) (44) . VCPDM was originally attributed to a heterozygous S85C missense variant in human Matrin 3 (41, 42) . However, the mutational mechanism associated with S85C or with other missense variants recently reported in this form of familial ALS remains unclear (44) . One clear difference between the S85C VCPDM/ALS phenotype and the cardiac phenotype reported here is that the dominant familial ALS phenotype linked to S85C reflects a missense mutation, whereas the cardiac LVOT phenotypes described here result from 3 0 UTR disruptions that affect MATR3 transcripts that differ at their 3 0 ends, thereby influencing protein expression. Thus, the two sets of results are not necessarily inconsistent and appear to reflect distinct functions of MATR3 in development and disease pathogenesis. We conclude that MATR3 functions in normal cardiac outflow tract formation and that modest perturbations in Matrin 3 expression in human and mouse are associated with similar LVOTO malformations. Further studies will be required to determine the precise tissue location and nature of the molecular functions attributed to Matrin3 during cardiogenesis.
Materials and Methods
Human genetic analyses
Clinical data Non-cardiac clinical information for the DGAP105 subject is provided in Supplementary Material under 'DGAP105 clinical history'. Cardiac clinical information is presented in the manuscript under 'Results'. All human studies were conducted under an approved IRB protocol.
Cytogenetics and fluorescence in situ hybridization Lymphocyte cell transformation was performed at the MGH Center for Human Genetic Research Genomics Core Facility (Boston, MA, USA). DNA samples were prepared from normal individuals (as controls) and from individuals with phenotypes similar to those found in the proband. Metaphase chromosomes were prepared from lymphoblastoid cell lines according to routine protocols. Chromosomes were GTG banded at a resolution of ≥550 bands using standard methods and at least 10 metaphase spreads were examined. The DGAP105 karyotype was initially reported as 46,XY,t(1;5)(p35.3;q31.3)dn by GTG analysis (36) , and subsequently revised to 46,XY,t(1;5)(p36.11;q31.2)dn after molecular cytogenetic analysis. BACs for chromosome rearrangement breakpoint mapping were selected using the UCSC Genome Browser and the NCBI Human Genome Browser and labeled directly with either SpectrumOrange-or SpectrumGreen-conjugated dUTP using a nick translation kit (Vysis, Downers Grove, IL, USA). BAC RP11-288L9 and PAC RP1-159A19 were obtained from CHORI (Children's Hospital Oakland Research Institute, Oakland, CA, USA), and BACs CTC-315N8 and CTB-43P18 from Invitrogen (Carlsbad, CA, USA). Metaphase chromosome preparations from DGAP105 were prepared on glass slides following standard hypotonic lysis and fixation, and dehydration in a series of ethanol washes as previously described (45) . Array CGH was conducted using an Agilent (Santa Clara, CA, USA) 244K human CGH microarray (∼8.9 kb of overall resolution, ∼7.4 kb for RefSeq genes).
Breakpoint cloning
Southern blotting was performed by standard methods. BAC sequences from breakpoint critical regions were examined using RepeatMasker to identify regions from which unique probes could be generated. Genomic DNAs were digested with DraI, EcoRI, HindIII, RsaI, ScaI and probed with a 505-bp fragment amplified from RP1-159A19. Rearrangement breakpoints were cloned using modifications of the suppression PCR protocol (45) . Cloned junction fragments were sequenced by standard methods. PCR were performed in following condition: 30 s at 94°C, 30 s at 68°C, followed by 3 min at 72°C for 25 cycles. PCR products were analyzed by agarose gel electrophoresis and digested by specific restriction enzymes. The large and small 3 0 RACE PCR products were purified from the agarose gel and the sequenced by Sanger sequencing.
Northern blot analysis A northern blot containing human tissue polyA + RNA (Clontech, Mountain View, CA, USA) was hybridized with a probe corresponding to exons 13-14 of MATR3. Random-primed probe labeling was performed with the MegaPrime labeling kit (GE Healthcare, Piscataway, NJ, USA), according to the manufacturer's instructions.
Quantitative real-time RT-PCR (human and mouse)
For quantitative real-time RT-PCR, Taqman assays were employed for human MATR3 and mouse Matr3 transcripts. Total RNA was extracted from lymphoblastoid cell lines and mouse tissues using NucleoSpin kit (Clontech) according to the manufacturer's instructions. Purified RNA samples were reverse transcribed using the qScript dDNA SuperMix (Quanta). Each cDNA sample was then subjected to Taqman real-time PCR analysis on a 7500 FAST real-time PCR system (Life Technologies): Human MATR3 TaqMan assay (Assay ID:Hs00251579_m1), Mouse Matr3 TaqMan assay (Assay ID: Mm00726619_s1, in exon 2) and Mouse Matr3 TaqMan assay (Assay ID: Mm01704913_g1 in exon 15). Gapdh expression was used as an endogenous control. Relative gene expression was analyzed using comparative C T methods (46) . The PCR reaction consisted of 10 μl of Master Mix 2× concentrate. All assays were performed in triplicate. For AHDC1, a SYBR green assay was employed. Total RNA was extracted from lymphoblastoid cell lines using TRIZOL reagent (Invitrogen) according to the manufacturer's instructions. RNA quality was assessed by gel electrophoresis and spectrophotometric measurement of OD 260/280. Purified RNA samples were reverse transcribed using the AccuScriptTM High Fidelity 1st 
Mouse molecular genetics
Generation of Matr3 Gt-ex13 gene trap mice A βgeo gene trap mouse embryonic stem (mES) cell line (RRR075, strain Ola/129) was identified in the BayGenomics database (now part of the International Gene Trap Consortium). By long-range PCR and DNA sequence analysis, the location of the pGTOLxf gene trap insertion site was determined and found to reside within Matr3 exon 13 (Fig. 4) . These ES cells were injected into blastocysts to generate chimeras, and germline transmission was obtained. Most Matr3 offspring heterozygous for this gene trap insertion were viable and fertile. In accord with gene trap nomenclature rules (47), we have designated this mutant allele Matr3
Gt( pGTOLxf )ex13Rlm
, in which Gt designates 'gene trap', pGTOLxf the gene trap vector, Rlm the laboratory ILAR code, and ex13 replaces the lab serial number to reflect the gene trap integration site within exon 13. For convenience, we have further designated this allele as Matr3 Gt-ex13/+ mice are available upon request.
Analysis of E1.5-4.5 Matr3
Gt-ex13 homozygous embryos
Pregnant female mice were sacrificed and E1.5-4.5 embryos isolated by flushing the Fallopian tube with M2 medium (cat. no. M7167, Sigma), using a 27-gauge needle attached to a 1-ml syringe. Individual embryos were isolated with a glass micropipette and transferred to separate microfuge tubes. Lysis buffer (3 μl of 0.05% SDS, 0.035 N NaOH) was added to each tube and boiled for 3 min at 95°C. Three microliters of embryonic DNA was split between wild-type and mutant allele genotyping reactions (45 cycles of PCR), followed by agarose gel electrophoresis.
Immunohistochemical analyses
Immunohistochemistry was performed with rabbit anti-Matrin 3 antibody (cat. no. IHC-00081, Bethyl Laboratories), PECAM-1 antibody at 1 : 50 dilution (BD Pharmingen, San Jose, CA, USA) and chicken anti-beta Galatosidase antibody (cat. no. ab9361, Abcam). Antibody reactions on OCT-embedded sections were visualized by secondary antibody conjugated with FITC or Cy3 and Alexa Fluor ® 594-AffiniPure goat anti-chick for immunofluorescence staining, or using the Vectastain ABC kit (Vector Labs, Burlingame, CA, USA) for immunoperoxidase staining. Hematoxylin and Eosin staining and histological analyses were performed using standard procedures.
X-Gal staining and whole-mount in situ hybridization X-Gal staining to detect β-galactosidase activity was performed according to standard protocols. Briefly, embryos were fixed for 30-90 min in fixative consisting of 1% formaldehyde and 0.2% gluteraldehyde in PBS. Whole-mount or OCT-embedded frozen sections were stained with a solution containing 1 mg/ml X-Gal for 3-6 h. Whole-mount in situ hybridization experiments were performed as previously described (48) 
Note Added in Proof
The AHDC1 disruption described here has now been assigned as OMIM #615829, Xia-Gibbs Syndrome.
Supplementary Material
Supplementary Material is available at HMG online.
